H ydrocepHalus is a disorder representing a mismatch between cerebrospinal fluid (CSF) production and absorption and/or an interruption in CSF pathways. In progressive cases, surgery is indicated to prevent damage to brain parenchyma. Occasionally, clinical signs and symptoms are obvious and the indication for surgery is not in question. At times, however, imaging may demonstrate enlarged ventricles, whereas the clinical picture is less obvious and symptoms and signs are subtle.
third ventriculostomy (ETV), has become preferred for patients with an obstructive (noncommunicating) hydrocephalus. A VPS diverts the CSF to the peritoneal compartment; therefore, the ventricles commonly become smaller following surgery. In ETV, the diversion occurs within the skull, and after a successful procedure, the size of the ventricles does not significantly change in many patients. Thus, it is difficult to evaluate success after this type of operation. 1, 6, 9 Complicating the paradigm in these situations is the fact that, as of today, there is no reliable noninvasive method to assess intracranial pressure (ICP) and to demonstrate the pressure of the fluid on adjacent brain tissue.
Diffusion tensor imaging (DTI) is an advanced MRI technique that characterizes white matter by quantifying the 3D diffusion properties of water in tissue. In white matter, diffusion is anisotropic, meaning that it is free along the path of the fibers and hindered perpendicular to them. Structural components, such as axonal membranes and myelin, significantly influence the anisotropic diffusion of water. Therefore, alterations in DTI parameters are believed to reflect the level of structural integrity of tissue.
3,4,10-12 Diffusion tensor imaging extracts the principal diffusivities parallel (represented by l 1 ) and perpendicular (represented by l 2 and l 3 ) to the fibers, the mean diffusivity (MD), and the fractional anisotropy (FA)-a measure of the difference between each of the principal diffusivities and their mean. 11 Initial experience with the changes in DTI parameters in hydrocephalus was previously presented in a case-control study of 7 patients with hydrocephalus.
2 That study showed increased FA and l 1 in the corona radiata (CR) in patients with hydrocephalus before surgery. Several other studies have looked at DTI changes following surgery for hydrocephalus. 1, 6, 7, 9, 15 In the present study, we investigated a group of pediatric patients with ventriculomegaly with various clinical presentations. We evaluated several DTI parameters in different regions of interest (ROIs) to find the most sensitive parameters for clinical decision making in hydrocephalus. We sought to find the relationships among various DTI, clinical, and conventional radiological parameters.
methods study design and Patients
In this retrospective study, which was approved by the Tel Aviv Sourasky Medical Center Helsinki committee, we performed a search of the entire MRI database for all DTI studies obtained between the years 2003 and 2009 by using the terms "hydrocephalus" and "ventriculomegaly." It should be noted that DTI was not a routine protocol and was performed only in particular cases in which the radiologist thought it would be beneficial. We included in our study children 1-14 years of age. Diffusion tensor imaging studies had been obtained during routine MRI sessions performed for various medical indications. We categorized all MR images into 2 groups: the hydrocephalus (HCP) group and the healthy control group. For both groups, we reviewed all medical records and abstracted the relevant demographic, clinical, and surgical information. Patients with MRI findings consistent with hydrocephalus were included in the HCP group based on radiological and clinical assessments made by a pediatric radiologist, pediatric neurologist, and neurosurgeon. The control group consisted of subjects who had normal MRI results or findings that had no known effects on brain white matter (Table 1) . These subjects were included in the control group when their clinical records suggested no neurological disorder or developmental delay, as judged by a pediatric neurologist. A subset of the HCP group had DTI studies available from both before and after the surgical intervention for hydrocephalus (pre-and postsurgical scans had been obtained using the same scanner with the same protocol).
imaging acquisition
Magnetic resonance imaging had been performed on a 1.5-or 3-T Signa scanner (GE Healthcare) with a conventional head coil. The field of view in all MRI studies was 24 cm, and the slice thickness was 3 mm with no gap between slices. In addition to several clinical sequences, the MRI protocol included a T2-weighted series (fast spinecho pulse sequence with TR 5000 msec, TE 102 msec) and a DTI protocol. The DTI data set was acquired using spin-echo echo-planar diffusion-weighted imaging sequences with the following parameters: TR 10,000 msec; TE 98 msec; D 31 msec, d 25 msec, and maximum gradient strength (G max ) of 2.2 gauss/cm for the 1.5-T scanner and D 24 msec, d 18 msec, and G max of 3.4 gauss/cm for the 3-T scanner; matrix 128 × 128 with 3 averages. The diffusion-weighted images were acquired along 6 noncollinear diffusion gradient directions with a maximal b value of 1000 s/mm 2 . The DTI data set consisted of 7 images (6 diffusion-weighted images and 1 image with no applied diffusion gradients). Total acquisition time for the entire DTI data set was 4 minutes.
Neurological and radiological assessment

Clinico-Neurological Hydrocephalus Severity Grading
To rate the clinical severity of hydrocephalus we generated a list of clinical signs and symptoms of increased intracranial pressure (ICP) that we commonly see in our clinical practice. We categorized all of these clinical items into 3 disease severity grades: mild, moderate, and severe (Table 2 ). Then we assigned a clinico-neurological hydrocephalus grade based on the presence of 1 or more items severe. An overall grade was always given after consensus between the study neurosurgeon and neurologist was reached.
Conventional Radiology Evaluation
Independent researchers blinded to the clinical hydrocephalus severity data obtained the radiological data. The MRI parameters used to assess hydrocephalus severity included the lateral ventricular span, the average of the frontal and occipital horn width divided by the interparietal distance (a parameter found to correlate well with ventricular volume), 8 third ventricle floor flattening, CSF flow through the aqueduct, herniation of the cerebellar tonsils, fluid in the sleeves around the optic nerves, flattening of the pituitary gland, and periventricular edema. The radiologist was also asked to perform an overall evaluation of the likelihood of increased ICP based on these conventional MRI parameters (yes/no).
data analysis
After selecting the HCP and control groups, we extracted the DTI parameters from each scan. Three ROIs were selected according to the same method used in Assaf et al.: corona radiata (CR), genu of the corpus callosum (GENU), and optic radiation (OR; Fig. 1 ). In each ROI, the following DTI parameters were extracted: fractional anisotropy (FA), mean diffusivity (MD), diffusivity parallel to the fibers (l 1 ), and diffusivity perpendicular to the fibers (l 3 ).
Since DTI parameters vary greatly with age, our study required standardization of the data. Initially, for each DTI parameter in each ROI, the control group values were plotted on a chart and an exponential trend line was fitted. This trend line could predict the expected value for any healthy subject as a function of the subject's age. For these trend lines, the 95% confidence intervals were computed.
Using the trend line functions, expected DTI index values were computed for each hydrocephalus patient according to his or her age at the time of scanning. This expected value was subtracted from the measured value, and the difference was recorded for all of the DTI parameters for each patient. The average of all of these values (expected value and the difference [D]) was calculated for each DTI parameter (for example, DFA IC means the difference in FA in the internal capsule). A paired t-test (comparison between each measured and expected value) was used to check for statistical significance with a threshold of p < 0.05. For each DTI parameter, sensitivity for 95% specificity was calculated to assess the ability of these parameters to identify hydrocephalus. Both sensitivity and specificity were calculated against the 95% confidence interval criterion of the control group. The subjects (from either the HCP or the control group) whose values fell within this confidence interval were marked as "healthy"' and the others as "diseased." Based on the numbers of healthy and diseased subjects, specificity and sensitivity were calculated.
For patients who had DTI studies from both before and after surgical intervention, the differences from healthy values were calculated before and after surgery. Then the difference after surgery was subtracted from the difference before surgery to compute a new value, that is, "the difference between differences" (DD; Table 3 ). For example, DDFA IC provides the effect of surgery corrected for the different age of the subject at the time of scanning. Again, a paired t-test was used to check for statistical significance with a threshold of p < 0.05.
Statistical analysis was performed using Microsoft Excel (Microsoft Corp.) and SPSS version 17 (SPSS Inc.). Multiple linear regressions were made using R, an opensource statistical language.
results
Seventy healthy subjects, ages 14 months-14 years, were included in this study following screening (Table 2) . Thirty-five patients, ages 1 month-14 years, were included in the HCP group, and 19 of them had both pre-and postsurgical DTI studies. Ten of these surgically treated patients underwent ETV; 3, VPS surgery; and 6, resection of a mass causing hydrocephalus. Of the 16 remaining patients with hydrocephalus, 10 underwent a surgical intervention but did not have postsurgical DTI studies. Four patients did not undergo surgery, and 2 patients were lost to follow-up (Table 4) .
According to the clinico-neurological hydrocephalus severity grades, 6 patients had severe hydrocephalus; 16, moderate hydrocephalus; and 12, mild hydrocephalus. One patient could not be classified because of insufficient clinical data.
For all DTI parameters, the patients with hydrocephalus had values statistically different from those of the healthy subjects (calculated using the difference from the expected value [D], p < 0.05). An increase was noted in the average of the following parameters: FA, MD, and l 1 for the CR and in MD, l 1, and l 3 for the GENU and OR. A decrease was noted in l 3 for the CR and in FA for the GENU and OR. For each DTI parameter, the sensitivity for hydrocephalus at 95% specificity was calculated ( Fig.  2 left and Table 5 ). The most sensitive DTI parameter for the characterization of hydrocephalus was l 1 for the CR, in which 89% sensitivity for 95% specificity was reached (Fig. 2 right) . correlation between dti Parameters and disease severity When the patients with hydrocephalus were classified into 3 clinical groups (mild, moderate, and severe hydrocephalus), we noted a trend toward larger differences from the expected value by age (D) in the severe hydrocephalus subgroup (data not shown). However, no statistically significant difference was found when comparing the 12 patients who were classified as having mild hydrocephalus and the 6 patients who were classified as having severe hydrocephalus. When combining the mild and moderate hydrocephalus subgroups and comparing their differences to those of the severe hydrocephalus subgroup, 1 DTI parameter reached statistical significance. In this setting, Dl 1 for the corpus callosum was 0.35 × 10 -3 mm 2 /sec in the severe subgroup (6 patients) and 0.12 × 10 -3 mm 2 /s in the combined mild and moderate patient subgroup (28 patients; p = 0.008). However, when applying the conservative Bonferroni correction for multiple comparisons, the result did not reach a significant level.
correlation between dti Parameters and conventional radiology Parameters
The greatest correlation between DTI parameters and conventional radiology parameters was found between Dl 1CR and the average of the frontal and occipital horn width divided by the interparietal distance, which represents the ventricular volume 8 (r = 0.687, p < 0.01; Fig. 3 ). Another parameter found to have the greatest correlation with the size of the ventricles was MD GENU (r = 0.643, p < 0.01). None of the DTI parameters was highly correlated with the overall radiological evaluation of hydrocephalus severity. In the GENU, the ROI in the axial image with the highest l 1 intensity was selected-here in a healthy subject (c) and a patient with hydrocephalus (d). In the OR, 2 axial images in which the thalamus was visible were selected-here in a healthy subject (e) and a patient with hydrocephalus (F). In all panels in this figure, left to right fibers are red, anterior to posterior fibers are green, and upward to downward fibers are blue. White arrows in all panels indicate areas of signal attenuation in a patient with hydrocephalus. correlation among dti Parameters, disease severity, and conventional radiology Parameters The multiple linear regression analysis between the radiological parameters (measured from conventional MRI) and l 1 for the CR with disease severity as the dependent variable resulted in an R 2 = 0.662. A similar model excluding l 1 for the CR (that is, without the use of any DTI parameter) resulted in an R 2 = 0.659. Comparison between these 2 models was made with the F test and was found to be statistically insignificant, with p = 0.66. These results mean that the clinical assessment of hydrocephalus is not improved by the addition of l 1 for the CR as the covariate.
The best correlations between disease severity and the various conventional radiological parameters were periventricular edema (r = 0.660, p < 0.01), overall radiological evaluation (r = 0.467, p < 0.05), and pituitary flattening (r = 0.435, p < 0.01).
comparison between dti before and after surgery
For patients who had an additional DTI study following surgical intervention, we calculated the difference between the differences from the expected healthy trend line (DD) before and after an intervention (Table 3) . Overall, 19 patients had DTI studies before and after surgery, (Fig. 4) . The DDFA was 0.07 (95% CI 0.03-0.11), DDl 1 was 0.07 × 10 -3 mm 2 /sec (95% CI 0.01-0.13 × 10 -3 mm 2 / sec), and DDl 3 was -0.06 × 10 -3 mm 2 /sec (95% CI -0.11 to -0.01 × 10 -3 mm 2 /sec). A comparison was made between the subgroup of patients treated with ETV (10 patients) and the subgroup treated with other surgical interventions (8 patients) . The difference between the differences (DD) for the non-ETV group reached statistical significance in 4 parameters: FA CR , l 3CR , FA GENU , l 3GENU . In the CR, DDFA was 0.11 (95% CI 0.06-0.16) and DDl 3 was -0.08 × 10 -3 mm 2 /sec (95% CI -0.13 to -0.03 × 10 -3 mm 2 /sec). In the GENU, DDFA was -0.09 (95% CI -0.14 to -0.04) and DDl 3 was 0.10 × 10 -3 mm 2 /sec (95% CI 0.01-0.19 × 10 -3 mm 2 /sec). This difference between the differences (DD) for the ETV group showed the same trend of changes as the non-ETV group, yet those did not reach statistical significance.
discussion
This large-cohort study, designed with a multidisciplinary approach combining clinico-neurological, radiological, and multiple DTI parameters, provides a comprehensive view of the benefits of using DTI for characterizing hydrocephalus. This work followed our initial experience with the changes in DTI parameters in hydrocephalus, which was presented in a case-control study of 7 patients with hydrocephalus.
2 The present study reveals the most sensitive DTI parameters for hydrocephalus and suggests that they, in addition to conventional radiological parameters, can serve as a tool for the quantitative radiological assessment of hydrocephalus.
diffusion tensor imaging characterization of hydrocephalus
The first aim in this study was to determine the most sensitive DTI parameters to identify and characterize patients with active hydrocephalus. We also examined the relationship between those parameters and the patients' clinical and radiological presentation.
Since DTI parameters vary with age, we had to standardize our data. We used our healthy subject group to plot trend lines for age-related expected DTI parameters. Our calculations were based on differences between the measured DTI parameters in the patients with hydrocephalus and the healthy trend lines. This standardization enabled accurate estimation of the DTI deviations at different ages.
We found that l 1 of the CR was the most sensitive pa- rameter for hydrocephalus (sensitivity 89% for 95% specificity).
We found that compared with normal controls, patients with active hydrocephalus had a statistically significant increase in FA, MD, and l 1 and a decrease in l 3 for the CR. In the GENU and OR there was a statistically significant decrease in FA and an increase in MD, l 1 , and l 3 . Several other studies have looked at DTI changes in patients with hydrocephalus and showed results with the same trend as in our study in the regions of the corpus callosum and the CR. 1, 2, 6, 9, 15 In the CR, an increase in the FA and l 1 and a decrease in l 3 could reflect compression of the white fibers by fluid pressure in the ventricles, thus resulting in increased diffusion in the parallel axis of the fibers. 2 An increase in MD in the CR may have several explanations: it could be a result of the degeneration of fibers, as happens several weeks after stroke, although the reversibility of some of the DTI parameters after surgery does not support this theory. Instead, it is more likely that the MD increase is caused by periventricular edema or that it merely represents a greater increase in l 1 than the decrease in l 3 that would result in total MD decline. In the GENU and OR, a decrease in FA and an increase in MD and l 3 is a pattern that fits conditions such as stroke and demyelinating diseases. 2, 13, 14 This pattern suggests that fibers in these areas undergo degeneration, a finding also presented pathologically. 5 Another possible explanation for the change in the parameters in these areas is technical: while these fiber tracts in a healthy subject are wide, in a patient with hydrocephalus there is narrowing of the fiber tracts and a larger percentage of the voxels contain, beside the tract's fiber, additional tissues (like CSF) with higher diffusion, resulting in a partial volume artifact.
correlation of clinico-Neurological, radiological, and dti Parameters
To assess the potential clinical utility of DTI parameters, we compared the DTI values with clinico-neurological hydrocephalus severity grades as well as with qualitative conventional radiological parameters. We could not find a meaningful difference in the DTI parameters in the various disease severity groups except for l 1 for the corpus callosum, which was statistically different in the severe hydrocephalus group as compared with that in the combined mild and moderate hydrocephalus subgroup. This result may indicate a true difference or may be the random result of multiple comparisons. Further studies with larger cohorts of control and hydrocephalus patients should be performed to validate this observation beyond the multiple comparison corrections. In a multiple regression analysis, the use of DTI parameters in addition to conventional radiological parameters did not provide additional benefit for assessing the clinical severity of hydrocephalus. Radiologically, there was good correlation between the DTI parameters and measurements representing ventricular size. Although DTI does not appear to have benefits surpassing those of conventional radiology, it does provide quantitative and objective measures of the pathology. Another way of looking at it is that DTI can provide an objective measure in cases in which the conventional qualitative assessment is under question.
It is possible that in our study group, the lack of a correlation between disease severity and DTI parameters was attributable to the use of a clinical grade and not a formal invasive ICP measurement. Another problem is the heterogeneity of our HCP group: some of the patients with hydrocephalus suffered from an additional clinical illness or condition, such as tumor or prematurity. It was difficult to differentiate between a clinical status attributed solely to hydrocephalus and factors associated with other clinical situations. However, the finding that some radiological parameters, such as periventricular edema, overall radiological evaluation of ICP, and pituitary flattening, were statistically significantly correlated with the clinical disease severity suggests that clinical grading does represent a difference within the severity groups. Therefore, it appears that in this large-cohort, multidisciplinary study, conventional radiological parameters interpreted by experienced radiologists are superior to DTI parameters in assessing clinical disease severity by using an imaging modality. 
Neurosurgical Procedures and dti
After a successful surgical intervention, there was a statistically significant decline in the FA and l 1 in the CR, as in previous studies. 1, 2, 7, 9 These parameters showed a trend toward healthy subjects' values but did not reach normal values. The improvement in these DTI parameters indicates that the hydrocephalus effect on CR fibers is, at least partially, reversible. In the GENU and OR, there was no change in the parameters measured after surgery. These findings support the notion that these fibers undergo a degenerative and probably irreversible process, as shown in previous studies. 5 After surgical intervention, the patient subgroup treated with a VPS showed greater changes in DTI parameters than the subgroup treated with ETV. In the non-ETV subgroup, there was a larger change in the ventricle size postsurgery than that in the ETV subgroup. Since there is a correlation between ventricular size and DTI parameters, it is likely that the difference between the ETV and non-ETV subgroups can be explained by the change per se in ventricular size.
conclusions
In this comprehensive multidisciplinary study of patients with hydrocephalus, we searched for a correlation among standardized DTI parameters and clinical disease severity and conventional radiological parameters. In our HCP group we found that some of the DTI parameters could be sensitive and specific for hydrocephalus recognition and could be used as part of the overall radiological evaluation of hydrocephalus. We found that the DTI parameters correlated well with ventricular volume estimates. However, in the patient cohort in the present study, there was no convincing correlation between clinical disease severity and DTI parameters. Although our results indicate that DTI is beneficial for a radiological diagnosis of hydrocephalus, the ability of this imaging method to indicate disease severity should be evaluated in a larger cohort.
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